Abstract. Through the effort to obtain clues toward understanding of transport of cold plasma in the nearEarth magnetotail under northward IMF, we find that twocomponent protons are observed in the midnight plasma sheet (−10>X GSM >−30 R E , |Y GSM |<10 R E ) under northward IMF by the Geotail spacecraft. Since the twocomponent protons are frequently observed on the duskside during northward IMF intervals but hardly on the dawnside, those found in the midnight plasma sheet are thought to come from the dusk flank. The cold proton component in the midnight region occasionally has a parallel anisotropy, which resembles that in the tail flank on the duskside. The flows in the plasma sheet with two-component protons were quite stagnant or slightly going dawnward, which supports the idea that the observed two-component protons in the midnight region are of duskside origin. Because the two-component protons in the midnight plasma sheet emerge under strongly northward IMF with the latitudinal angle larger than 45 degrees, and because the lag from the strongly northward IMF to the emergence can be as short as a few hours, we suggest that prompt plasma transport from the dusk to midnight region occurs under strongly northward IMF. We propose that the dawnward flows result from viscous interaction between the high-latitude portion of the plasma sheet and the lobe cell. Another candidate for plasma transport process from the dusk to the midnight region is turbulent flow due to vortical structures of the Kelvin-Helmholtz instability that developed around the dusk low-latitude boundary under strongly northward IMF. In addition, we also suggest that gradual cooling of hot protons under northward IMF is a global phenomenon in the near-Earth magnetotail.
Introduction
It is important to know signatures of the plasma sheet in the Earth's magnetosphere, because the plasma sheet works as a plasma reservoir and plays important roles in magnetospheric dynamics. It has been known that the plasma sheet in the near-Earth magnetosphere becomes cold and dense under northward IMF (e.g. Terasawa et al., 1997; Borovsky et al., 1998; Nishino et al., 2002; Wing et al., 2005) . The cold plasma is thought to be of solar wind origin and to come into the magnetosphere across the lowlatitude boundary, because it is often found in both flanks . Continuous spatial distribution of the cold plasma from the dusk flank to deeper inside the plasma sheet also supports the idea that solar wind plasma intrudes into the plasma sheet (Fujimoto et al., 1998) . While the cold plasma is frequently found in both flanks, we notice that the cold plasma is occasionally found in the midnight region as well. reported that the cold plasma is observed in the high-latitude portion of the midnight plasma sheet under northward IMF. Nishino et al. (2002) also pointed out that the cold plasma sheet emerges in the midnight region under northward IMF. A recent observational study showed that the plasma sheet in the midnight region becomes cold under strongly northward IMF, basing on the data remote-sensed from low altitude satellites (Øieroset et al., 2005) . These studies implied that the cold plasma may come into the flank regions and then moves toward the midnight region under northward IMF. Solar wind entry across the magnetopause as well as cold plasma transport in the magnetotail is under debate at present.
Inspection of the proton distribution function may be useful for obtaining information on the origin of the cold plasma found in the midnight region, because one of the features of the cold plasma sheet should be a dawn-dusk asymmetry found in the velocity distribution function of protons. It has Published by Copernicus Publications on behalf of the European Geosciences Union.
been known that protons on the duskside occasionally consist of two separate (cold and hot) components under northward IMF while those on the dawnside usually do of one component that is dominated by low-energy (cold) ions (Hasegawa et al., 2003; Wing et al., 2005) . The two components on the duskside are thought to have different origins; the cold component is thought to come from solar wind, and the hot one is of magnetosphere origin. The cold proton component in the plasma sheet near the dusk low-latitude boundary occasionally has a temperature anisotropy (Traver et al., 1991) , and the sense of the anisotropy depends on the locations; it has a parallel anisotropy in the tail flank and a perpendicular anisotropy on the dayside (Nishino et al., 2007) .
In addition to the proton velocity distribution functions, time lag of response of the midnight plasma sheet to the northward IMF may bring us some information on plasma transport in the near-Earth plasma sheet as well as on plasma entry under northward IMF. Terasawa et al. (1997) proposed a diffusive transport from the solar wind into the plasma sheet under northward IMF, showing a time scale as long as 9 h. Wing et al. (2005 Wing et al. ( , 2006 suggested the cold plasma sheet formation in the flanks by a lag of about 3 h, and discussed that the cold plasma sheet formation can be explained either by diffusive processes or high-latitude reconnection.
In this paper, we present that two-component protons are found in the midnight plasma sheet under strongly northward IMF, suggesting prompt plasma transport from dusk to midnight region in the near-Earth magnetotail.
Instrumentation
We use moment data obtained every 12 s by the low energy particle (Geotail/LEP) experiment (Mukai et al., 1994) and the magnetic field data obtained by the flux-gate magnetometer (Geotail/MGF) (Kokubun et al., 1994) . The ion energy-per-charge analyzer of LEP-EAi detects ions between 32 eV/q and 39 keV/q, which covers most of typical energy range of plasma sheet ions. All of detected positivelycharged ions are assumed to be protons. The moment calculations are performed onboard Geotail (see Mukai et al., 1994, for details) . We also use data from 3-D ion distribution functions obtained by Geotail/LEP, although the data exist for limited intervals. From the 3-D distribution functions, we obtain plasma moment parameters of the cold and hot proton components separately, using a two-Maxwellian mixture model with a scheme developed by Ueno et al. (2001) . Perpendicular and parallel temperatures of the cold (hot) proton component are denoted as T C⊥ and T C (T H⊥ and T H ), respectively. The estimation error of the ion bulk velocity is considered to be less than a few percent of the thermal velocity; for example, an error bar for ions whose temperature is 200 eV is within several km/s. Solar wind parameters observed by the Wind and ACE spacecraft are provided by the CDAWeb. We use the GSM coordinate system throughout the paper.
Case studies

16 May 2001 event
We perform a case study of two-component protons in the midnight plasma sheet on 16 May 2001. Figure 1 shows the Geotail data between 12:00-20:00 UT. From the top, (a) energy-time (E-t) spectrogram of protons (omni-directional summation of 2-D data) in keV/q, (b) proton temperature in eV, (c) proton density in cm −3 , (d) V X (black line) and V ⊥X (red line: velocity perpendicular to the local magnetic field) in km/s, (e) V Y and V ⊥Y in km/s, and (f) three components of the magnetic field in nT are presented. The spacecraft locations in the GSM coordinate are shown at the bottom of the figure. Before 15:00 UT, Geotail stayed in the hot and tenuous plasma sheet whose temperature gradually decreased from 7 keV to 4 keV between 12:00-14:50 UT. Between 14:50-15:03 UT the low-energy proton flux (∼1 keV) gradually increased and the temperature of protons decreased to be 2.6 keV. Geotail encountered the two-component protons around 15:03 UT as it relatively moved to high-latitude portion of the northern plasma sheet where the magnetic field was (7.0, 0.6, 0.7) nT. The location of Geotail around 15:03 UT was (−20.9, 3.5, 4.6) R E . The temperature and density of the two-component protons obtained from onboard moment calculation were about 1.5-1.8 keV and 0.5-0.8 cm −3 , respectively. The observation of the twocomponent protons ended around 19:00 UT when Geotail was (−19.3, −0.6, 3.7) R E , as the border between the two components became ambiguous.
The two-component protons were superposition of the cold component with a peak (in count) around 1 keV and the hot component with a peak around several ∼10 keV, which resemble those observed on the duskside (Nishino et al., 2007) . A dawnward-tailward flow (V X , V Y ∼−50 km/s) was observed when the cold component emerged (15:02-15:17 UT). After the emergence of the two-component protons, dawnward-tailward flows were frequently observed (e.g. 15:27-15:51 UT). The average flow direction between 15:03-17:05 UT was (−10, −14, 7) km/s, which is opposite to the average flow pattern in the near-Earth plasma sheet (Hori et al., 2000) . Note that V Y was almost same as V ⊥Y , which means that the observed dawnward flows were cross field plasma transport. Before the emergence of the twocomponent protons and after 17:05 UT, the flow directions were consistent with the average pattern; that is, duskward flows were observed. Since the spacecraft was predominantly in the Northern Hemisphere before 17:05 UT while it stayed in the Southern Hemisphere after that, the flow directions might depend on the hemisphere. The duskward flowing plasma might be originated from the dusk lowlatitude boundary, transported into the midnight region in the Northern Hemisphere, cross the central plasma sheet, and turn back toward the dusk in the Southern Hemisphere.
We next examine the solar wind conditions for the event. Figure 2 shows the solar wind parameters for the day obtained by the ACE spacecraft, including the solar-wind traveling time of 50 min from the ACE location (X∼229 R E ) to the Earth. From the top, (a) latitudinal angle of the IMF (θ IMF ) in degree, (b) strength and the Y and Z components of the magnetic field in nT, (c) proton density in cm −3 , and (d) bulk flow speed in km/s are shown. After an extended interval of predominantly southward IMF that lasted for more than 24 h, the IMF pointed northward around 09:32 UT (the convection time included). The IMF became strongly northward (θ IMF ∼53 • ) for roughly 3 h between 11:20-14:30 UT with negative B Y . After a brief southward IMF interval between 14:33-14:49 UT, the IMF again directed strongly northward until 20:02 UT. There is a sudden increase in the proton density from 4 cm −3 to 6 cm −3 at 14:49 UT. The solar wind speed was gradually decreasing, and it was about 480 km/s around 15:00 UT when the two-component protons emerged (mentioned below). For simplicity, we fix the convection time to be 50 min in the analysis.
The time lag from the northward turning of the IMF (around 09:32 UT) to the emergence of the two-component protons (at 15:03 UT) is 5.5 h. We also mention that the time lag from the beginning of the strongly northward IMF (around 11:20 UT) to the emergence of the two-component protons was 3.7 h. The sudden increase in the solar wind 
29 May 1999 event
We next study another event of the two-component protons in the midnight plasma sheet observed by the Geotail spacecraft on 29 May 1999. Figure 3 shows solar wind data from the ACE spacecraft (at X∼225 R E ) between 00:00-18:00 UT in the same format as Fig. 2 , including the convection time of 60 min. The IMF pointed weakly northward from 22:42 UT of the previous day (data are not shown). After a southward IMF interval between 06:16-07:49 UT, the IMF pointed strongly northward (θ IMF ∼62 • ) between 08:04-08:56 UT, and it kept the northward direction since then (θ IMF ∼46 • between 08:56-12:40 UT). The proton density and the speed of the solar wind when the two-component protons (around 08:53-12:18 UT, discussed below) were observed were roughly 4-5 cm −3 and 410 km/s, respectively. Figure 4 shows the Geotail data between 06:00-14:00 UT in the same format as Fig. 1 . Before 06:40 UT Geotail was in the hot plasma sheet where the temperature and density of protons were 4 keV and 0.2 cm −3 . Around 06:40 UT the ion flux of medium energy range (around a few keV) increased, and proton temperature ranged from 2 to 3 keV. Around 08:53 UT the cold proton component with the peak energy around 1 keV was briefly observed, and proton temperature decreased to be 1.1 keV. Geotail was located at (−14.6, 5.8, 2.2) R E , staying in the southern plasma sheet where the magnetic field was about (−8.1, 6.0, 7.2) nT. The cold component disappeared within a few min, but it again emerged around 09:18 UT and was continuously observed for 3 h. In the plasma sheet with the two-component protons, plasma flows were quite stagnant (<40 km/s). The observation of the twocomponent protons ended at 12:18 UT when Geotail was at (−13.5, 1.4, 2.1) R E , in the middle of the strongly northward IMF interval.
The time lag from the beginning of the strongly northward IMF (around 08:04 UT) to the emergence of the twocomponent protons (08:53 UT) was as short as 50 min. If we adopt the previous northward turning of the IMF (around 22:42 UT of the previous day), the time lag was as long as 10.2 h. Although the passage of the southward IMF between 06:16-07:49 UT possibly gave rise to enhance transport of cold plasma in the tail (Nagai et al., 1998) , no fast flow was detected at the Geotail location in this event. No sudden change in the solar wind flow was found when the twocomponent protons emerged. (parallel) temperature is shown by the green (blue) points, the density of the cold (hot) component is shown by the blue (red) points. As for the two-component protons, the density of the cold component (0.4-0.7 cm −3 ) dominated over that of the hot one (0.3 cm −3 ). The cold component went dawnward until 10:20 UT, while it went slightly duskward after 10:25 UT. After 11:00 UT bulk flows of the cold component were highly fluctuated.
We find that the cold proton component had a strong parallel anisotropy. The ratio of the perpendicular to parallel temperature of the cold component (T C⊥ /T C ) was in the range of 0.4-0.7. The perpendicular and parallel temperatures (T C⊥ and T C ) were 0.2-0.3 keV and 0.4-0.6 keV, and those normalized by the kinetic energy of the solar wind protons (E SW ∼0.88 keV) were roughly 0.2-0.3 and 0.5-0.7, respectively. The parallel temperature is higher than that in the dusk tail-flank cases (Nishino et al., 2007) . The hot component was almost isotropic and its temperature gradually decreased from 2.6 keV to 1.8 keV. The decrease in the peak energy of the hot protons occurred during the extended northward IMF interval, as was seen in the previous event.
Figure 6 presents cuts of the ion PSD for the 12-s interval between 09:31:07-09:31:19 UT. The left panel (a) shows two-dimensional contour of the ion PSD in the plane that includes the local magnetic field. The maximum speed shown in the panel is 1920 km/s, and the magnetic field was (−9.1, 7.2, 7.2) nT in the GSM coordinates and shown as a red bar in the figure. An elongation of the PSD contours along the magnetic field is seen in the low-energy portion of the PSD (red-yellow colored region), while contours of the mediumto high-energy part are hardly elongated (green-blue colored region). The right panel (b) shows 1-D cuts of the PSD in the perpendicular (green) and parallel (blue) directions. Two red curves correspond to the one-count level of the detector. We can clearly see dominance of the parallel temperature over the perpendicular one. day from ∼410 km/s to ∼350 km/s, the convection time increased from 50 min to 58 min. The density of the solar wind protons was about 5-10 cm −3 . After a southward IMF interval between 02:52-04:40 UT (convection time of 50 min included), the IMF pointed northward and kept the polarity until the end of the day. After 04:40 UT the IMF was weakly northward (θ IMF ∼30 • ) until 12:00 UT, and it gradually increased to be 40 • until 14:30 UT. Around 14:30 UT the IMF became strongly northward (θ IMF >50 • ), and the strongly northward IMF continued until the end of the day except a brief interval of weakly northward IMF around 16:20 UT. The IMF B Y was positive throughout the northward interval of our interest.
On the day Geotail was in the midnight region and observed two-component protons. Figure 8 shows Geotail observation for the latter half of the day (12:00-24:00 UT), in a similar format as Fig. 1 but the lowest energy shown in the E-t spectrogram of protons is about 0.02 keV. The arrival of the southward IMF around 02:52 UT led to an isolated substorm that started at 04:32 UT (Nagai et al., 1997) , and Geotail observed fast flows (>300 km/s) intermittently between 04:38-13:51 UT. Around 14:00 UT the fast flows ceased and the plasma sheet became quite stagnant. Between 14:00-15:23 UT the temperature and density of protons in the plasma sheet were roughly 1.5 keV and 0.4 cm −3 , respectively. Around 15:23 UT low-energy protons whose energy were 0.05-0.5 keV was observed for a brief interval, and such low-energy component was intermittently observed with dawnward flows (V Y ∼−30 km/s) until 16:40 UT. Around 16:44 UT the count of the low-energy protons increased and two-component protons began to be observed (Fig. 8a) when Geotail was located at (−26.1, −1.6, −2.6) R E and moving relatively to the high-latitude portion of the southern plasma sheet. The emergence of the two-component protons was accompanied by a dawnward flow (V Y ∼−40 km/s). The two-component protons were observed until 00:20 UT of the following day except for short intervals. The temperature of protons from moment calculations were 0.6-0.7 keV. The proton density was 0.7 cm −3 for the initial period of the two-component proton observation between 16:44-17:52 UT, and it increased to be 1.1 cm −3 after 18:30 UT.
We examine the emergence condition of the twocomponent protons in this event. The time lag from the northward turning of the IMF to the emergence of the two-component protons in the midnight plasma sheet was as long as 12 h. We note that the emergence (16:44 UT) occurred 2.2 h after the arrival of the strongly northward IMF (14:30 UT). The speed of the dawnward flow observed around the initial period of the two-component protons was about 40 km/s, with which it takes about 70 min to transport plasma from the dusk flank to the Geotail location.
Since 3-D data of proton distribution function are available for this event (until 20:30 UT), we proceed to further analysis of the two-component protons, separating the cold and hot components by the two-Maxwellian mixture model (Ueno et al., 2001) . For the initial period of the two-component proton observation between 16:44-17:52 UT, the averaged densities of the cold and hot components were 0.38 and 0.29 cm −3 , respectively. The cold proton component had a parallel anisotropy (T C⊥ /T C ∼0.67), where T C⊥ and T C were 130 eV and 190 eV, and those normalized by E SW (∼0.68 keV) were 0.19 and 0.28, respectively. After an excursion to the high-latitude part of the southern plasma sheet between 17:45-18:30 UT, Geotail again approached the central plasma sheet and observed the two-component protons. The density of the cold component (∼0.7 cm −3 ) was higher than that observed during the previous stay. After 19:33 UT a strong parallel anisotropy of the cold component was again observed (T C⊥ /T C ∼0.6). In contrast to the cold component with a strong parallel anisotropy, the hot component was isotropic, and its temperature was about 1.5 keV throughout the intervals of our interest.
Superposed analysis
In order to further investigate the two-component protons in the midnight plasma sheet, we surveyed the Geotail E-t spectrograms of protons by eyes between 1995-2003, and picked up the proton data with two peaks in count. The criteria for the midnight plasma sheet are as follows:
In this paper we concentrate on the events with twocomponent interval longer than 1 h. The condition for β (the ratio of proton thermal to magnetic pressure) is to exclude data of the plasma sheet boundary layer. We find 5 events that include 3 cases studied above, which are listed in Table 1. Figure 10 shows projection onto the GSM-XY plane of observed locations of the two-component proton events. The symbols in the figure (a, b, . .., e) correspond to events listed in Table 1 . The dotted curve shows the averaged location of the magnetopause calculated with a model by Roelof and Sibeck (1993) , and data in the gray-hatched region are out of survey in this paper.
Solar wind conditions
We superpose solar wind parameters of the 5 events in Fig. 11 , where time series of the latitudinal angle of the IMF (a) and the proton density (b) are shown. The zero (t SW =0) is set to the beginning of the two-component proton observation in the midnight plasma sheet, and data for 18-h interval between t SW =−12 h and t SW =6 h are shown. All of 5 events occurred under the strongly northward IMF condition (θ IMF >45 • ). The two-component protons began to be observed within 3 h after the arrival of the strongly northward IMF. Although 2 events occurred during the extended northward IMF interval that lasted for more than 10 h, the two-component protons were not observed under prolonged but weakly northward IMF conditions. In one event (16 May 2001) a sudden increase in the solar wind density might lead to dawnward flows in the midnight region as well as relative satellite motion, through transformation of the magnetosphere by the sudden compression. However, the increase in the solar wind density is not the necessary condition for plasma transport from the dusk flank to the midnight region, because other 4 events were not accompanied by increases in the solar wind density. In another event (16 June 2003) a sudden decrease in density occurred just before the emergence of the two-component protons. The solar wind speed had a wide variation between 285 km/s and 520 km/s in the 5 Table 1 . Two-component proton events found in the midnight region. In the column of the anisotropy, "N/A" is the abbreviation for "not available". As for hemispheres, S and N represents the Southern and Northern Hemispheres, respectively. The hemisphere where the two-component protons were initially observed is focused on. (a)
events, while no sudden change in the speed occurred (data are not shown). (Fig. 12a ) and decrease in proton temperature (Fig. 12b) around t PS =0 are due to emergence of the twocomponent protons.
Signatures of the two-component protons
Plasma flows
The plasma flows in the cold plasma sheet were quite stagnant and the averaged flow directions pointed dawnward. Especially, emergence of the two-component protons were accompanied by the dawnward flows (−20∼−70 km/s) in 4 events (event a, b, d, e). However, bulk flows were at times highly fluctuated and even went duskward.
Latitude
In 4 events (event a, c, d, e), emergence of the twocomponent protons was accompanied by decrease in the latitudinal angle of the local magnetic field (Fig. 12e) , which means that the two-component protons began to be observed at the higher-latitude portion of the plasma sheet. In 1 event (event b), the two-component protons emerged without decrease in the latitudinal angle of the local magnetic field. Locations of the two-component events 
Anisotropies
In 3 events we have 3-D distribution function with which we examine temperature anisotropies of the cold and hot components. In 2 of the 3 events (event a, c) the cold component had a parallel anisotropy, and in 1 event (event b) it was isotropic. The hot component was almost isotropic in all of the 3 events. These features resemble those observed in the tail-flank plasma sheet near the dusk low-latitude boundary, where the cold component of the two-component protons at times has a parallel anisotropy while the hot one is less anisotropic (Nishino et al., 2007) .
Hot proton component
The hot component temperatures normalized by E SW were 2-3, which was lower than that of the dusk tail flank cases (3-4). In 3 events (event c, d, e), the peak energy of the hot proton component gradually decreased during prolonged northward IMF intervals, which is equivalent to decrease in the hot component temperatures. The observed gradual cooling of the midnight plasma sheet is consistent with the in-situ observations on the duskside (Øieroset et al., 2005) as well as remote-sensed observations from low altitude satellites in both flanks (Wing et al., 2006) . In other 2 events (event a, b), gradual decrease in the hot proton component was not observed, where the hot component temperature was as low as 1.5 keV.
Hemisphere
When the two-component protons were observed, Geotail was located in the Southern Hemisphere (B X <0) for the positive IMF B Y cases, while it was in the Northern Hemisphere (B X >0) for the negative IMF B Y case (Table 1) The abbreviation "GT" shows the plausible spacecraft locations, and the black arrows correspond to the expected dusk-to-midnight (dawnward) flows. Twisting of the plasma sheet that depends on the IMF B Y (Maezawa and Hori, 1998) is also represented in the figure. dusk-to-midnight (dawnward) flows under strongly northward IMF. The direction of the lobe-cell circulation under northward IMF depends on the sign of the IMF B Y (e.g. Reiff and Burch, 1985) , and panels (a) and (b) represent the negative and positive B Y cases, respectively. In all of 5 events, the two-component protons were observed in the hemisphere where the circulation on the plasma sheet side of the lobe cell goes toward the dusk-to-midnight direction.
Discussion
We have reported that the two-component protons were observed in the midnight plasma sheet under northward IMF. Since the two-component protons are frequently observed on the duskside but hardly on the dawnside, we suggest that the source of the two-component protons found in the midnight region is the duskside magnetopause. In 4 events, the start of the two-component proton observation was accompanied by dawnward flows (discussed later), which also supports the idea that the two-component protons move from the dusk flank to the midnight region. However, bulk plasma flows were highly fluctuated and at times went duskward. We compare anisotropies of the two-component protons in the midnight plasma sheet with those in the dusk flank plasma sheet. Nishino et al. (2007) analyzed the twocomponent protons in the dusk plasma sheet near the lowlatitude boundary and found that the cold proton component has a parallel anisotropy (T C⊥ /T C <1) in the tail flank region while it has a perpendicular anisotropy (T C⊥ /T C >1) on the dayside. In the present study we have found that the cold proton component in the midnight region possesses at times a parallel anisotropy. The sense of the anisotropy of the cold proton component in the midnight region is same as that of tail flank plasma sheet in the dusk low-latitude boundary, and it is different from that on the dayside. The isotropic distribution function of the hot proton component in the midnight region also resembles that in the dusk tail flank. We therefore conclude that the origin of the two-component protons in the midnight region is the dusk tail-flank plasma sheet.
Let us compare the cold proton component in the midnight region with that in the dusk tail-flank region. In the event on 29 May 1999, normalized parallel temperature of the cold component (T C /E SW ∼0.5-0.7) was higher than that in the dusk tail-flank region (0.2-0.4) obtained in a statistical study by Nishino et al. (2007) . We therefore suggest that some heating process may work on the cold component on the way from the dusk flank to the midnight region, while we could not conclude it because we do not have data of the plasma sheet near the dusk low-latitude boundary on the day and cannot directly compare the dusk and midnight regions.
On the other hand, normalized temperatures of the hot proton component in the midnight region (T H /E SW ∼2-3) are, statistically, lower than those in the dusk flank plasma sheet (3-4 (Nishino et al., 2007) ). The difference between the hot component temperature in the midnight and that in the dusk flank may be partly due to spatial gradient of the temperature , and partly due to gradual cooling of the plasma sheet during prolonged northward IMF intervals. In 3 events, gradual decrease in the peak energy of the hot proton component was observed. Since gradual cooling of the plasma sheet occurs in the flanks (Wing et al., 2006) as well as on the duskside (Øieroset et al., 2005) under northward IMF, our observations in the midnight region suggest that cooling of the hot plasma sheet under northward IMF is a global phenomenon in the near-Earth magnetotail. Additionally, results of previous studies of the plasma sheet using the moment parameters (e.g. Baumjohann, 1993; Terasawa et al., 1997) do not necessarily mean solar wind entry thereto but might show cooling of the plasma sheet.
In other 2 events, gradual cooling was not observed for the intervals of our interest. These two events occurred under extended (>10 h) northward IMF, and there the hot component temperature was as low as 1.5 keV from the beginning of the two-component proton observation. The fact that the hot component temperature was nearly constant and relatively low may suggest existence of a lower limit of the hot component temperature, as was also implied by Wing et al. (2006) . Terasawa et al. (1997) showed that response time of the plasma sheet to the solar wind parameters during northward IMF is as long as 9 h, suggesting a diffusion-like transport from the flanks to the midnight region. However, the long time lag presented by their study might correspond to time scale of the plasma sheet cooling.
Let us consider the emergence condition of the twocomponent protons in the midnight region. In all of the 5 events the observation of the two-component protons started within 3 h after the strongly northward IMF arrived at the Earth's magnetosphere. Two events occurred without extended northward interval; the two-component protons emerged 3-6 h after the northward turning of the IMF. Although two events in our study were observed during very extended northward IMF intervals (>10 h), the two-component protons were not observed during weakly northward IMF but found after the strongly northward IMF passed by the magnetosphere. We conclude that the condition for the two-component proton emergence in the midnight region is strongly northward IMF (θ IMF >45 • ) which continues for a few h. The relatively short time scale is sufficient for the plasma transport from the dusk flank to the midnight region, because it takes about 1-2 h with the observed dawnward flows (−20∼−70 km/s).
We discuss the relation between previous observations under strongly northward IMF and what we have found in the present study. Studying the dusk low-latitude boundary under strongly northward IMF, Fairfield et al. (2000) mentioned that wavy structures observed in the dusk tail flank were attributed to the Kelvin-Helmholtz (KH) instability which can play an important role in plasma transport across the magnetopause as well as in mixing of the solar wind and the magnetospheric plasma. In addition, Nishino et al. (2007) discussed that the parallel anisotropy of the cold proton component on the duskside might be explained by magnetic reconnection in the KH vortices. Although apparent vortical structures by the KH instability exist only in the region within a few R E from the magnetopause (Hasegawa et al., 2006) , highly fluctuated bulk plasma flows might transport the cold plasma from the dusk flank to the midnight region.
Another mechanism that is believed to occur under strongly northward IMF is double high-latitude reconnection on the dayside (e.g. Song and Russell, 1992; Li et al., 2005; Øieroset et al., 2005) . According to the double-lobe reconnection model, the solar wind flux trapped onto the dayside magnetosphere goes down to the tail region, and the cold plasma sheet can form in the midnight region as well. However, the cold proton component on the dayside has a perpendicular anisotropy (Nishino et al., 2007) , which disagrees with the parallel anisotropy observed in the midnight region. Therefore, double high-latitude reconnection, although it may actually take place (Onsager et al., 2001; Lavraud et al., 2005 Lavraud et al., , 2006 , does not seem to directly contribute to refilling of the midnight plasma sheet.
The observed locations of the two-component protons can be a clue to understand transport paths. In 4 events the cold component started to be observed at the high-latitude portion of the plasma sheet. This feature is consistent with previous observations of the cold plasma in the near-Earth magnetotail under northward IMF; showed that the cold plasma is observed in the high-latitude portion of the near-Earth magnetotail, and Phan et al. (1998) showed that the cold plasma in the flank plasma sheet starts to be observed in the high-latitude regions. Keeping in mind these previous observations, we suggest that the two-component protons move in the high-latitude portion of the plasma sheet from the dusk flank to the midnight region.
Finally, we consider generation mechanism of the duskto-midnight plasma flows under strongly northward IMF. We have found that the two-component protons were observed in the hemisphere where the circulation on the plasma sheet side of the lobe cell goes toward the dusk-to-midnight direction (Fig. 13) . We propose that viscous interaction between the high-latitude portion of the plasma sheet and the lobe cell generates the dusk-to-midnight flows in one hemisphere. The other hemisphere was not observed by Geotail for all events in the present study, which is possibly due to plasma sheet twisting whose sense depends on the sign of the IMF B Y (Maezawa and Hori, 1998) . In future works, multi spacecraft observations as well as ground observations will help us understand plasma transport paths in the near-Earth magnetotail under strongly northward IMF.
Conclusions
We have found that two-component protons are observed in the midnight plasma sheet under strongly northward IMF (θ IMF >45 • ). The cold proton component with a parallel anisotropy and the isotropic hot component in the midnight region show that the source of the two-component protons is the dusk tail flank. We suggest that prompt transport of the two-component protons from the dusk flank to the midnight region occurs under strongly northward IMF. We propose that the dusk-to-midnight (dawnward) flows result from viscous interaction between the high-latitude portion of the plasma sheet and the lobe cell. Another candidate for plasma supply into the midnight region is vortical structures due to the KH instability that may highly develop around the dusk low-latitude boundary under strongly northward IMF. Prolonged northward IMF intervals result in gradual cooling of the hot proton component in the plasma sheet, and the cooling may be a global phenomenon in the near-Earth magnetotail.
